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SUMMARY

An investigationwasmadeoftheeffectof
thepropertiesofsintered,wroughtmolybdenum.

processingvariableson
Theamountof Swaging,

recrydxdlization,andstress-relievingwereconsidered.

, An ticreaseintheswagingofmolybdenmnprogressivelylowersthe
transitiontemperature.MoQbdenumswaged99percenthasa transition
rangeapproximately100°F lowerthanmetalswaged35percent.The
effectof swagtigonthetransitiontemperaturerangeisnullifiedwhen

. molybdenumisrecrystallized.

At roomtemperature,swagingto 99percenthadverylittleeffect
“ (13percent) uponincreasingtheultimatetensilestrengthoverthatof

molybdenumswaged35percent.Stressreliefcauseda reductionintensile
strengthof3 to 6 percent.At roomtemperature,metalrecrystallized
afterswaginghad22to 26percentlessstrengththantheas-swagedmater-
ial. Bothas-swagedandrecrystall-izedmolybdernnnshowan increasein
tensflestrengthasthetemperatureisdecreased,irrespectiveofthe
amountofSwaging.

Theductilityofas-swagedmo~bdenumatroomtemperaturewasimproved
considerablyby swaging50percentormore. Stress-relievingimprovedthe
ductilityofthemetalonlyifithadbeengiven50percentorlessswag-
ing. Theductilityofrecrystallizedmetalfromroomtemperaturetoabout
200°F, givena prior99percentworking,wasdodlethatofmetalgivena
prior35 or50percentworking.

Allthematerialevaluatedintension,irrespectiveofthesmountof
swaging,whetherintheas-swaged,stress-relieved,orrecrystallizedstate
showeda transgranularfractureatalltemperatures.

—.— ——..— — __-— ————— .——



2 ITACATN 2915

No relationcouldbe establishedbetweenthegrainsizeofrecrystal-
.

lizedmetslandthestrengthandductility,withinthetransitiontemper-
aturerange,inthegraincountrangeof 75to 825grainspersquaremini- ~
meter.However,abovethetransitionrange,forexsmple,at 200°F,
ductilityincreasedwithdecreasinggrainsize.

INTROIXJCTION

ThereM an increasingcurrentinterestincommerciallypuremolyb-
denummadebyboththeyowder-sinteringmethodandarc-casting.Consider-
abledataarenowavailableonthemechanical.propertiesofmetslpro-
ducedbybothmethods,but,unfortunately,thesedataareinmanyinstances
contradictoryandnotreproducible.So-calledductilemolybdenumismade
bybothmanufacturingmethods,butfrequentlyductilityisloworabsent.
Thisvariationinductilityat roomtemperatureisofvitalhportanceif
molybdenumistobe usedh load-beartigapplications.

m
al
L%

Sincemolybdenumhasa body-centeredcubiccrystallattice,ithad
beensuspectedtohavea criticaltransitiontemperature(thetemperature
atwhichthefractuxeofa metslrevertsfroma ductileto a brittle
break)similarto thatfoundinironandsteel.Theexistenceof sucha
transitiontemperatureh molybdenumhasnowbeenestablishedinthework .
reportedinreference1. Thisworkshowsthata transitiontemperature
occurredbelowroomtemperatureformetalobtainedbybothpowder-
metalhr~ andarc-castingmethods. .

Sincethistransitionoccurredfairlyclosetoroomtemperature, .
thereisa possibilitythatdatashowinglittleorno ductili~ were
procuredfrommaterialtestedat orbelowthetransitiontemperature.
Thedataoftheliterature(ref.2)aMo showthatsomelotsofmolyb-
denumareroom-temperatureductileinthe fibrousstate;however,after
recrystallizationtheybecomebrittle{lessthan1 percentelongation).

h viewofthisbehaviorofmolybdenum,an investigationwasinitiated
attheNACALewislaboratoryprfmarilyto determinetheeffectofprior
swaging(prestrain)onthepositionofthetransitiontemperature,which
msymakethedifferencebetweena ductileanda brittlenaterislat or
nearroomtemperature.

Thetiestigationincludedthefollowingparts:

(1)Theeffectof swagtigreductiononthetransitiontemperatureof
molybdenumintheas-swagedandrecryst~ize~states

(2)Theeffectof swagingreductiononthestrengthandductilityof
molybdenumintheas-sWagedandrecrystallizedstates

.
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-s offracture

Theinfluenceofgrainsizeonstrengthand
recrystallizedmolybdenum

N
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A + by
5 waswagedby

diameterrod.

WTERIALPRCCESSII?G

p~ by 24-inch,cold-pressed,sintered
conventionalcmmnercialmethodsintoa

ductilityof

molybdenumingot
O.225-inch-

Thisrodwasthencutintothreeequallengths.Each
rodwasfurtherprocessedto obtainthreeendproductsofequaldiam-
eter,butpossessingvarioussmountsof inducedstrain,as showninthe
folJ.owingflowsheet.Sincetheswaginghadtobe titerruptedat dif-
ferentdtametersinorderto obtainfinishedproductspossessingvarious
amountsofstrain,itwasnecessaryto dete-e thepossibilityof.
aneffectofthisvariableonthefinalbars. Therefore,thestrength
andductilityofbarsswagedto0.155and0.177inchdiameterswere
checkedbeforeandafterrecrystallization.Bothpossessedsimilar
mechanicalprope?%ies(tableI).

.

.

(1+

.

.

c!

PROCESSINGFLOWSBEET

Ingot

in.by 1+ in.by 24 in.)

1
0.225-ti.diam.rod.Swaged
96.9percentfromingots

I I I

0.125-in.diam.
Swaged99per-
centfromingots

%oss-sectiotiarea

* +
0.177-in.diem.Swued 0.155-in.diam.
98.1percentfromingots Swaged98.5per-

J

centfromingots

J
Recrystallized Recrystallized

(6@n at2375°F) (6minat2375°F)

J
0.125-in.diam.‘Swaged 1
50percentfrom0.177 0.125-in.diam.Swaged
diam.recrystallizedrods35percent‘rem

o.155-in.diam.recrys-

reductions.
tallizedrods
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Photomicrographsof structuralchangesoccurringateachprocessing
.

stepwe showninfigure1 andchemicalanslysisofthefinalproductis
givenintableII. .

AU swaingfrmuO.225-tichdiameterto O.125-inchdiameterwasdone5between1525 and1750°F, whichwasbelowtherecrystdd.izationtemper-
atureofanyofthematerialsatanypointintheprocessing.Thefinal
swagingpassforalltheO.125-inchdismeterbarswasmadeat1525°F.
Themetalwasrecrystallizedby heatingfor6 minutesat2375°F h a
reducingatmosphere.

DESCIUH?IOIJOFAFWMTUS

Tensile-testingmachine.- A commercialhydraulic-typetensilemachine
witha lowscaleof6000-~oundloadcapacitywasusedto evaluatetensfle
spechens.Templti-typegips wereused.A stress-strainrecorderwas
usedtoobtaindatato computeO.2-percentoffsetyieldstrengths.

Furnace.- Thespecimenswereheatedina l?ichrome-wound,resistance-
type,tubefurnace{fig.2}whichwassealedatbothendswitha metsl
coverandcement.A gasinlettubeatthetopprovideda flowofhelium
sufficienttopreventanydamagingoxidationofthespec3mens. .

Liquidbath.-A small,insulatedcontainerwasusedtoholdboth
thetensilespechensandliquidsfortensiletestingfrom-150°to 3
350°F (seefig.3).

Temperatureinstrmentationl- Temperaturesabove500°F were
recordedwitha potentiometer-pyrometerusingthreethermocouplesplaced
againstthetensilespecimentestsection.Themaximumvariationin
temperaturewas+l.OOF atthe1600°F evaluationtemperature.Temper-
aturesbelow5C0°F weremeasuredwiththermometers.Msxhnumtemperature
variationsofHo F wereattained.

Tensilespecimens.- Thetensilespecimensusedareshowninfigure4.
Thetestsectionsurfacewasfinishgroundto 5 to 16rms.

PROCEDURE

Heat~. - EvsJ.uationtemperaturesabove500°F
showninthefollowingtableandheldfor10minutes
stabilization.

wereattaimedas
fortemperature

—-. —.—.———— —
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Testing Timeto reach
temperature,temperature,

OF

600 20+5
900 %:5
1200 4+5
1800 90+10

Temperaturecontrolwaaobtainedmanuallywitha variabletransfcnmer.
Temperaturesupto 350°F wereattainedbypreheatingoilona hotplate
andpouringintothebathapparatuswhichcontainedthetensilespecimen.
A soakingtimeof5 tiuteswasallowedfortemperatureuniformityduring
whichtimetheoil.wasconstantlyagitated.Thethermometerwasplaced
adjacentto themiddleofthetestsection.Thet~eratme fluctuation
duringloadingofthespecimenswasa maximumof~ 2 F.

cooling. - Thematerialsusedto cooltensilespecimensevaluated
belowroomtemperatureareasfollows:

Testing Liquid Solid
temperature medium coolant
range,OF

:150to -1.1oAcetone Metalprecooledin
liquidnitrogen

-no to -50 Acetone Carbondioxide
-50to o Naphthasolvent Carbondioxide
o to 33 CalciumchlorideCarbondioxide

inwater
33to 70 Water Ice

Thecoldliquidswerefirstpreparedina beakerandthenpoured
intothebath. Additionalsolidcoolantwasthenaddedwithconstant
stirringfora~roximately2 minutes,duringwhichtimethedesiredtem-
peraturewasobtained.An additional2 minutes,withconstantagitation,
wasthenallowedfortemperatureuniformitybetweentheliquidandthe
specimen.Themsximumtemperaturevariationduringloadingwas~2°F.

Rateofloading.-An apprmimaterateof loadingof 3~ poundsper
minute(47,5C0lb/(sqin.)(min.))wasusedforalJtensilespecimensup
to thepointwheretheloadbegantofalloff.

Ductilitymessurements.- Percentagesofelongationwerecalculated
by usinga gagelengthof1.25&.02inches(seefig.4). Themaximum

—.— .—— _ —-——. — —— -—– ————.— ——
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errorintheelongationvaluesis~. 5 Percent.Reductionfiareasof
recrystallizedspecimenswerecalculatedfromtheoriginaldiameterand
thefinsldismetersatthefracture.

Heattreatment.-Alltensilespecti whichwerestress-relieved
orrecrystallizedwereprocessedina dryhydrogenatmospherewitha dew
petitof -45°orless.Thes andtemperaturesarenotedintableI.

Metallofqaphy. - Themetd.logaphictechniquesusedtoproducethe
photomicrographsme detailedinreference3. Graincountsndsizedeter- %

minationsweremadeontransversesurfacesby theJeffries’method %

(ref.4].

RESULTSANDDISCUSSION

Effectof swagingreductionontransitiontemperatureofmolybdenum
inas-swagedandrecrystallizedstates.-Figure5 showsthatmolybdenum
doesnotrevertrapidlyfroma ductileto a brittlematerial.asthetem-
peratureisdecreased.Inviewofthis,thetransitiontemperaturehas
beendefinedas occurringovera rangeoftemperatures.Thisrsmgewas
determinedarbitrarilyaslyingbetweenthosetemperaturesatwhichthe
metalhadone-thirdandtwo-thirdsitsmaxhumductilityoyertheeval-
uatedrange.Thismethodaffordeda convenientmeansofestablishinga
correlationofthedata.TableIIIliststhetransitionrangesestab-
lishedby thismethod,takenfromfigmes5 and6. Thedatareadily
indicatethatswaginghasanappreciableeffectuponthepositionofthe
transitionrange.Therewasa differentialofappro-tely 100°F
betweenthe99andthe35percentswagedmetal.Inthislotofmterial,
thehighlyswagedmetalwouldbe acceptablefromthe standpointofduc-
tilityatroomt~eratuxe,butthe35percentswagedmetalmightbe con-
sideredunsatisfactoryorborderline.

Sincethetransitionrangesforrecrystallizedmetalaresll~ouped
closelytogether,itisevidentthatpriorswagingeffectsonloweringthe
rangehavebeennu31ifiedby recrystallization.Recrystallizationchanges
themeanofthetransitionrange:87°F for99percentswgedmetal,
35°F forthe50percentswagedmetal,and-13°F for35percentswaged
metal. Thedropof13°F issmallandindicatesthatthe35percent
swagingreductionisnotsevereenoughto lowerthetransitiontempera-
tureofmolybdenum;however,it isinterestingto note(fig.7)that
the35percentswaged,stress-relievedmetal.hasa ductilityvalue
greaterthanthe99percentswa@dmaterial.Figure8 ispresented
inorderto comparemoreclesrlythepropertiesofas-swagedmetsd.and
recrystallizedmetal overtheeval.uationrangefortheclifferentpercen-
tagesof swagingreduction. .

Reductionsinareaofrecrystallizedspecimenswereplottedagainst
temperatureandshowedthesametrendsastheelongationcurvesin T

—



l?ACATN 2915 7

.

A’

N
m
(3)
co

.

,-

.

figure6. Ifthetransitionrangeiscomputedonthebasisofreduction
ofareaitisapproximatelythesameora littlehigherthanwhencom-
putedonthebasisof.elongation.Thiscomparisoncouldnotbe madewith
as-swagedmetalbecauseofthetendencyofas-sWagedmetalto forma
severetearing-typefractuxe,irrespectiveofthepercentageelongation,
makinga measurementofreductioninareagrosslyinaccurate.

A transitiontemperaturerangehasbeendefinitelyestablishedfor
molybdenum,midithasbeenshownthatprestrain(sWaging)hasan influ-
ence.onthepositionofthisrange.It isknownthatheattreatments
canalsoinfluencetheposition;however,ina fullyannealedor recrys-
tallizedcondition,otherfactorsstW existwhichvarythetransition
rangefromonelotofmolybdenumto another.

Considerabledataexistshowingrecrystallizedmolybdenumtobe
brittleatroomtemperatureandotherdata,showingthesametypeof
material.topossessexcellentductility.Thisdiscrepancymaystemfrom
materialshavingclifferenttransitiontemperatures.Someelementmaybe
presentinmolybdenumina minuteamountwhichmayhavea pronounced
effectuponthepositionofthetramitiontemperature.It iS We~-hlOWl
that sma13.amounts of impuritiesinmanyalloyshavetheabilityto change
theirmechanicalandphysicalpropertiesconsiderably.Ofparticularcon-
cernwastheamountofresidualgaseswhichmightbe presentinthemetal;
therefore,themetalwasanalyzedforoxygen,nitrogen,andhydrogenby
usinga vacuumfusionmethodperfectedby BattelleMemoriad.Instituteand
believedtobe themostaccuratemethodpresentlyavailable.TableII
liststheanalysisinpercentageby weightandabo theaccuracyofthe
determination.A comparisonwasmadewithotheranalysesintheliter-
ature,whichwereobtainedby thessmeanslyticalmethodsatthessme
laboratog,andnosignificanttrendwasobservedwhichcouldaccountfor
thedifferenceinpropertiesofvariouslotsofmo~bdenum.

A semfquantitativespectrographicanalysiswasnw3eforelements
possiblypresentinsmallquantities,butno significsacecouldbe
attachedtotheseresults.Theuraniumcontent(0.1 percent)seemed
ratherhigh;however,otherlotsofmolybdenuminvestigatedalsowere
reportedashavingthesameamountofuranium.Thiselementisexcluded
asa factorsincethelotsmentionedhadclifferentproperties.

BattelleWmorialInstitute(ref.5)reportsthatprestraining,or
swagingasdefinedinthisinvestigation,haslittleorno effectupon
thepositionofthetransitiontemperature.Theirmethodofevaluation
utilizedtransversebendspechens,whereasthemethodutilizedatthe
NACAusedgroundtensilespechens.Theconclusionofreference5 was
basedonmetalwhichwasprestrainedovera rangemuchlowerthanthat
usedinthisinvestigateion. Thecross-sectionalareareductionsoftheir
rolledplaterangefromonly11to 39percentasa maxhum,assumimgno
increaseinwidthduringrolling.Iftherewasan increaseinwidth,the
percentagereductionswouldbe less.Thedataofthepresentinvestigation

2 .—— —— — —--— .—— - ———- —. —.
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showthatprestrain@hasa decreasingeffectuponthetransitiontem-
peratureasprestrainhgisdecreasedandbecomesnegligibleat 35per-
centreduction.Thisconfirmstheirconclusionifitbe Mmitedto the
lowermountsofreduction.

Effectofswagingreductionon strength andductilityofmo~bdenum
b as-swaged andrecrystallizedstates.- Itwasfound(fig.7}that
therewaslittleeffect[13percentincrease)ofswagingfrom35to 99per-
centonthestrengthofas-swagedmolybdenumatroomtemperature.!rhis
effectwasalsoobservedovertherangeoftemperaturefrom-100°to
2CX)0F. Figure5 showsthatthereisa uniformincreaseof strength
withdecreasingtemperaturedownto -100°F forthe99and50percent
swagedmaterials.Theeffectoftemperateonthe35percentprestrained
metalislesspronouncedatthelowertemperatures,possiblybecauseof
thealinementproblemsoftestingbrittlematerials.Thisstrengthand
temperaturerelationalsoholdsforrecrystallizedmetalevaluatedover
thesametemperaturerange(fig.6). Materialswaged99percentisthe
strongestatalltemperaturesandatroomtemperatureisapproximately
13percentstrongerthanmaterialswagedonly35percent.Stress-relieved
metalhastensilestrengths3 to 6 percentlowerthanas-swagedmetal.
Recrystallizedmetalhas22to 26percentlessstrengththanas-swaged
metalatrmm temperature.

Althoughswagingfrom35to 99percentisnotveryeffectivein
improvingthestrengthpropertiesofmolybdenum,itmarkedlyimproves
theductilityincertaintemperatureranges.Figure5 showsthatheavily
swagedmetalretainsgoodductilityatf= lowertmeraturesthandoes
lightlyswagedmaterial.However,itmaybe notedthatmaterialswaged
35percentandstress-relievedhasa roomtemperatureductility4 per-
centhigherthanthemetalswaged99percent.Abovethetransitiontem-
peraturerangeat175°F, theductilitiesarewitlxh5 percentof each
other,whichslsoholdstrueat18~0 F. Recrysttiizedmaterial.has
almosttheoppositecharacteristics.Vsriousprioramountsof swaging
havelittleorno effectupontheductilitybelowthetransitiontemper-
aturerange{fig.6). However,abovethetransitiontemperaturerange,
heavilyswagedrecrystaU.izedmetalevidentlyretainssomeproperty,
probablyinducedbypriorswaging,eventhoughthematerialwastotally
recrystallized,whichapproximatelydotilestheductilityoverthatof
lightlyswagedmetalintherangeoffromaboutroomtemperatureto
2CX)0F. Althoughgrainsizecanbe correlatedwithductilityabovethe
transitiontemperature,itappearsthatthisgreatdifferenceinductility
couldalsobe attributedto grainorientationorto subgainstructure.
It isnotlmownwhetherthesuperiorductilityisretainedat elevated
temperatures,buttestsattemperaturesrangingupto 1500°F showa
tendencyforitto remainconstantorto decreaseslightly.Forexsmple,
at 9C0°F, anelongationof42percentwasrecorded;whfleat1500°F an
elongationof37percentwasobtained.

.
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-es offracture.-Allthematerialevaluated,irrespectiveof
thesmountof swaging,whetherintheas-swaged,stress-relieved,or
recrystallizedstateshoweda transganularfractureatalltemperatures.
Eelowthetransitionrangeallfractureswereofa brittlenature,and
theruptureoccurredstraightacrossthetensilespecimenwithoutany
longitudinaltesring.Figure9 illustratesa typical.breakofthis
nature.Abovethetransitiontemperaturerange,wherethereismuch
.geaterductility,aLlmaterialhada tendencytodeveloplargeinter-
granularlongitudinalsplits;butthemetalb thefractureplanestiJl
fafledtransgramila.rly.Figure10,illustratestypicalfracturesofthis
nature.Withinthetransitiontemperaturerangebothtypesoffracture
wereobservedwithno discerniblerelationtotheductility.

Influence’ofgrainsizeon strength sndductilityofrecrystallized
molybdenum.- No relationisshowninfigurel.1betweenrecrystalll.ized-
grainsizeandstrengthandductilityatroomtemperature>whichha~ens
toliewithinthetransitionrange,inthegraincountrangeof75to
825grE@spersquarem31Lbneter.However,abovethetransitionrmge,
forexample,at 2000 F, a directrelationexistsbetweenductilityand
grainsize,withductilityincreasingwithdecreasinggrainsize.Whether
thisrelationcentinuesathighertemperaturesisnotknown.Previous
conclusionsongrain-size,effectsmayhavebeendrawnwithoutrecognition
ofthetremendouseffectsoftramitiontemperatureonsuchcorrelations.

BechtoldandScott(ref.1) statethat“molybdenumhashighcold~‘
ductil.ityasfullyannealedonlywhenitis inthefine-grainedcondi-
tion.” Themetal.theyusedhada grainsizerangingfrom1200to 1650
grainspersquaremXilimeter.Anotherlotof10percentswagedmolybdenum-
whichhadexceptionallylarge~ains {average,7 grains/sqrtzn)was.eval-
uatedattheLewislaboratoryundertestingconditionsidenticaltothose
usedb thisreport.Thislotwasalsointhefullyrecrystallizedcon-
ditionandwhenevaluatedpossessedanelonga~ionofabout15percentat
roomtemperature.Therefore,itcsmbe statedthatcosrse-~ainedmetal
canhavecoldductility.

SUMMARYOFRESULTS.. +

Thefollowingresultswereobtainedfroma investigationofthe
effectofprocessingvariablesonthepropertiesofsintered,,wrought
molybdenum:

1.An increase.intheswagingofmolybdenumprogressivelylowers
thetransitiontemperature.Molybdenumswaged99percenthasa transi-
tionrangeapproximately100°F lowerthanmetalswaged35percent.The
effectof swagingonthetransitiontemperaturerange’i~nulJifiedwhen
molybdenumisrecrystallized.

..__ -
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2. At roomtemperature,swagingto 99percenthadverylittle
effect(13yercent)uponincreasingtheulthatetensfiestrengthover
thatofmo~bdenumswaged35percent.Stress-relieved’metalhadtensile .
strengths3 to 6 percentlowerthm as-swagedmetal.At roomtemperature,
metslrecrystallizedafterswaginghad22to 26percentlessstrength
thantheas-swagedmaterial.Bothas-swagedandrecrystallizedmolybdenum
showsn increaseintensilestrengthasthetemperature.isdecreased>
irrespectiveoftheSmountof Swaging.

3.Theductilityofas-swagedmolybdenumatroomtemperaturewas
improvedconsiderablybyswaging50percentormore. Stress-relieving
hrprovedtheductilityofthemetalonlyifithadbeengiven50percent
orlessswaging.Theductilityofrecrystallizedmetalfromroomtemper-
atureto about200°F, givena prior99percentworking,wasdoublethat
ofmetalgivena prior35or50percentworking.

4.Allthematerialevaluatedintension,irrespectiveofthesmount
of waging,whetherintheas-swaged,stress-relieved,orrecrystallized
stateshoweda transgranularfractureatalltemperatures.

5.No relationcouldbe establishedbetweenthegrainsizeof
recrystallizedmetalandstrengthandductility,withinthetransition
tempemturerange,inthe~ain countrangeof75to 825grainsper .
squaremillimeter.However,abovethetransitionrange,forexample,at
2W0 F, ductilityticfiasedwithdecreasing~ati size.

*

LewisFlightPropulsionhborato~
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,Noveniber7,1952
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TABLEIi - SHORT-TIMETRNSIIESTRENGTH,YIELDSTRENGTH,ANDDUCTILITYOFMOLYBDENUM

waging,
,ercent

99

::
99
99
99
99
99
99
99
99
99
99
99
99
99
99

::
99
99
99
99

::
99
99
99

::
99
99
99
99
99

;;
99
99
99
99
99
99

x
99
99

98.5
98.5
98.5
98,5
98.5
98.5
98.5
98.5
98.5
98.5

Temperature,
‘%

-148
-102
-lC+)
-71
-60
-32
-30
-3

3:
33
76
76
78
78
78
79

1::
172
228
230
298
302
320
600
900
1200
18043
1800
1800
77

-::
0
34
34
56
56
77
78

1::
325
400

76
77
78
78
78
78
76
76
76
76

Ultimatetensile
strength,
lb/8qin.

152,300
151,500
147,600
132,80CJ
133,000
124,900
129,200
117,400
118.500
115;mo
113,200
104,900
102,200
101,em
100,800
96,000
99.200
98;700
90,000
83,SW
83,600
84,800
77.400
79;800
77,400
65,400
58,500“
48,600
34,900
33,800
32,600
96,700
94,100
83,600
73,300
72,5W
71.400
83;900
78,300
75,400
78,6C0
70,900
61,700
51.200
50;200
35,100
28,100

99,100
96,50@
97,MJ0
95,600
92,800
92,600
79,700
78,4W
75.100
102;000

aStressrelieved(1/2hrat 1742°F).
bRecrystallized(1hrat 2400°F). -
‘Recrystallized(6mlnat 2375°F).
‘%aw in testsection.

Yieldstrerqzth,
0.2percen~
offset,
lb/sqin.

----.--
-----.-
--.----
-------
-------
-------
-------
-------
-------
-------
-------
94,6CY3
90,100
90,200
88,5W
81,600
86.Sm
85;500
-------
-------
-------
-------
-------
-------
-------
-------
-------
-------
-------
-------
-------
84,900
80,600
-------
-------
-------
-------
-------
-------
67,600
61,400
63,800’

-------
-------
-------
-------
-------

86,200
86,600
05,400
82,500
81,400
79,9CKl
63,100

.57,4@3
55.700
91;OO0

310ngati0nin
1.25in.,
percent

5.1
3.9
4.3
7.2
7.8
11.5
10.0 ‘
14.1
14.8
20.5
16.0
26.6
25.8
25.2
26.6
28.9
20.3
26.6
26.6
23.4
24.5
24.2
13.8
2+!.8
18.1
8.2
8.2
8.7
8.2
11.2
10.6
25.0
28.1
0
0

-:::
20.0
6.2
2.9.7
32.8

5:::
45.0
44.4
41.8
36.6

12.5

2:::
18.8
9.5
31.3
27.3
25.0
20.3
17.2

Reductlor
Inarea,
percent

----
----
----
----
----
----
----
----
----
----
----
----
----
----
----
----
----
----
----
----
----
----
----
----
----
----
----
----
----
----
----
----
----
0,

:
0

26.+

5:::
58.9
3.2
71.4
78.0
----
----
----

----
----
----
----
----
----
----
----
----
----

T

Remarks

-------
-------
-------
-------
-------
-------
-------
-------
-------
-------
-------
-------
-------
‘__-----
-------
-------
-------
-------
-------
-------
-------
-------
-------
-------
-------
-------
-------
-------
-.&_____
-------
-- ----

a

:
b

:
b
b
c
c
:
b
b
b
b

Hdd-------

[1

II

a,d
a,d
a
c
c
c

V

——— . .
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TABL81. - Concluded.SHORT-TIMETENSILESTRENGTH,YIEIJ)STRENGTH,ANDDUCTILITYOFMOLYBDENUM

SU@.ng,
percent

98.1
98.1
98.1
98.1
98.1
98.1
98.1
98.1

96.9
96.9
96.9
96.9
96.9
96.9

50
50
50
50
50
50
50
50

%
50
53
50
50
50
50
50
50
50
50

z
50

35.
35
35
35
35
35

z
35
35
35
35
35
35
35
35
35
35
35
35
35

Femp
~
ature,

76
77
77
77
78
75
75
76

77
77
78
76
76
76

-111
-60
-6
-l

35
56
78
79
79
127
169
1800
1800
1800

-8
34
80
80
130
201

-105
-62

2
57
79
79

1;:
170
1800’
1800
1800
78
78
34
80
80
127
162
205

Ultimatetensile
strength,
lb/sqIn.

96,000
97,400
98,1OO
94.900
94;700
77,500
61,400
82,300

96,2CQ
96,5CH3
96.CKM3
95;700
94,5CP3
92,5CKJ

131,500
120.8C=0
110;900
109,8O+3
102,500
100,700
-94.000
95;100
94;300
87,300
79,300
33.100
32;100
29,600
91,800
91,500
68,100
83,700
74,000
72,700
71,400
66.2CHI
57;700

101,80fI
97,800
102,100
94.800
95;700
91,800
88,700
88,300
82,000
73,900
34,900
34,600
31,500
88.600
86;300
71,400
70,7oi3
69,900
63.700
59;400
52,100

%tressrelieved(1/2hrat 1742°F).
%ecryatalllzed(6”minat 2375°F).
~cryatalllzed(1hrat2700”F).
Recryatalllzed(2hrat 2642°F).

Yieldstrength,
0.2perceqt
0ff8et,
lb/sqIn.

“ 86,700
83,800

,85,100
82,700
82.5WJ
64;800
60,700
65,100

86,500
-------
85,700
87,300
64,800
81,900

-------
------ .
-------
-------
-------
-------
83,100
83,400
81,000
-------
-------
-------
-------
-------
80,400
83,300

-------
-------
-------
44,400
41,700

-------
-------

-------
-------
--------
-------
-------
79,600
80,600
76,300
-------
-------
-------
-------
-------
80,60+3
78,600
-------
40,700
41,500
-------
-------
-------

ElongationIn
1.25in.,
percent

21.9
27.3
21.9
23.4
23.4
6.5

1:.5

21.9
22.7
22.3
25.0
25.0
28.1

0
2.5
2.5
0

1$::
21.9
25.8
24.2
26.5
26.5
13.3
7.5
8.7
28.5
29.7
0-
2.4

1::;
13.3
22.8-
23.5

0
0
0
0
3.1
7.1
8.6
3.1
18.5
23.4
10.0
8.7
10.0
31.3
29.7

1::;
11.7

1:::
21.9

Reductiol
Inarea.
percent

----
----
----
----
----
----
----
----
----
----
----
----
----
----

----
----
----
----
----
----
----
----
----
----
----
----
----
----
----
----
0
4.3
2.1
9.6
13.8
22.6
35.5

----
----
----
----
----
----
----
----
----
----
----
----
----
----
----
4.4
8.9
9.6
6.4
9.6
31.3

w

Remarkf

IIaaaccc’
II

a

z

.------

.------

.------

.------

.------

.------

.------

.------

.------

.------
-------
.------
.------
-------
k
a
e
e
e
f
f
e
e

.------

.------

.------

.------

.------

.------

.------

.------

.------

.------

.------

.------
-------
a
a
e

:
e
e
e

~

.

.

N
u)
ma

.

.

—
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TABLEII. - ANALYSISOF MOLYBDENUM

Element Percent by Accuracy Methodof analysis
weight

Oxygen 0.0022 +0.0002 a
Hydrogen .00002 —+.00002 a
Nitrogen .0002 T.0002
Carbr)n .004 7.001 :
sulfur .003 7.001 b
Boron .005 c
Phosphorous .05 c
Iron .01 c
Magnesium .05 c
Lead .005 ‘“
silicon

c
.05 : ‘,.:,..

Bismuth .
c

.01 c
chromium ..005 “~ ‘ . c
Alumipum .01 c
Uranium .10 c
Columbium .05 c
Vanadium .05 ..
Copper

c
.01 c

Zinc .05 c
Titanium .05 c
Cobalt .05 c
Nickel .01 c
Calcium .005 c
Manganese .005 c
Antimony .oo5d c
Arsenic .005’3 c
Barium .Oldd c
Lithium .00

z
c

Cadmium .01 c
Silver .005’3 c

%acuum fusion. ,
bConventionalchemical.
cSemiquantitativespect;owaphic. -

‘Notmeasurable(valuesrepresentdetectablelimit).

TABLE111.- TRANSITIONTEMPERATURERANGEOF MOLYBDENUM

Swaglng,As-swagedtransitionRecrystallizedmetal
percent temperaturerange, transitionOF temperaturerange,oF

I

99 -50- 20 65 - 80
50 20 - 45 50 - 85
35 80 - 110 60 - 105

.

t

Averagechange
fromas-swaged

to
recrystallized,

oF

+87

+35
-13

—— —.—
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(a)~.~ged; &otured at -100°F; 4.3peroentelfmgatim.
.

=s=
C.31702

(b)Reoryatalllzed;fraoturedat-EJ3°F; no elongation.

ww= 9.- l?raoturesbelowlxa.nsitfmtamparaturemangeM mol.jodenumwaged 99peroent
as shownby longitml tiewa.X150.

.



4x NACATN 2915

.,
(a)Aa-awaged;fraotured~t3200F;18.lparoentelangatlon.

.

25

C.31703

(b)Reoryatallized.;frmturedat 3250F; 45 peroenteqtion.

Figure10.- Fraotwesabovetranaltlontemperaturemnge & molybdenumawaged99peroent
aa ahoiinby Imn@tudlnalview. xI.50.
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